The organic anion-transporting polypeptide (OATP/Oatp) superfamily includes polyspecific transporters that transport amphipathic molecules across the cell membrane of eukaryotes. Results: Zebrafish Oatp1d1 transports steroid hormones and has conserved structural features common to the OATP1/Oatp1 family. Conclusion: Zebrafish Oatp1d1 is a functional ortholog of mammalian OATP1A/Oatp1a and OATP1B/Oatp1b. Significance: The first characterization of zebrafish Oatp offers insight into the evolution of the OATP1/Oatp1 family and the physiological importance of Oatp1d1.
The organic anion-transporting polypeptide (OATP/Oatp) superfamily includes a group of polyspecific transporters that mediate transport of large amphipathic, mostly anionic molecules across cell membranes of eukaryotes. OATPs/Oatps are involved in the disposition and elimination of numerous physiological and foreign compounds. However, in non-mammalian species, the functional properties of Oatps remain unknown. We aimed to elucidate the role of Oatp1d1 in zebrafish to gain insights into the functional and structural evolution of the OATP1/Oatp1 superfamily. We show that diversification of the OATP1/Oatp1 family occurs after the emergence of jawed fish and that the OATP1A/Oatp1a and OATP1B/Oatp1b subfamilies appeared at the root of tetrapods. The Oatp1d subfamily emerged in teleosts and is absent in tetrapods. The zebrafish Oatp1d1 is similar to mammalian OATP1A/Oatp1a and OATP1B/Oatp1b members, with the main physiological role in transport and balance of steroid hormones. Oatp1d1 activity is dependent upon pH gradient, which could indicate bicarbonate exchange as a mode of transport. Our analysis of evolutionary conservation and structural properties revealed that (i) His-79 in intracellular loop 3 is conserved within OATP1/Oatp1 family and is crucial for the transport activity; (ii) N-glycosylation impacts membrane targeting and is conserved within the OATP1/Oatp1 family with Asn-122, Asn-133, Asn-499, and Asn-512 residues involved; (iii) the evolutionarily conserved cholesterol recognition interaction amino acid consensus motif is important for membrane localization; and (iv) Oatp1d1 is present in dimeric and possibly oligomeric form in the cell membrane. In conclusion, we describe the first detailed characterization of a new Oatp transporter in zebrafish, offering important insights into the functional evolution of the OATP1/ Oatp1 family and the physiological role of Oatp1d1.
Organic anion-transporting polypeptides (OATPs 2 in humans, Oatps in all other species; gene symbol SLCO/Slco) are a group of polyspecific transporters that mediate transport of large amphipathic molecules across cell membranes of eukaryotes. OATPs transport a wide range of endogenous (steroid hormones, bile salts, prostaglandins, etc.) and exogenous compounds (pharmaceuticals, natural toxins). The classification in mammals includes six families named OATP1-6/Oatp1-6. The OATP1 family in humans encompasses four genes: OATP1A2, OATP1B1, OATP1B3, and OATP1C1 (1) . Ubiquitously expressed OATP1A2 mediates transport of physiologically important compounds, such as steroid and thyroid hormones, bilirubin, bile salts, and eicosanoids. Along with the role in the balance of hormones and bile salts, OATP1A2 has been shown to transport various pharmaceuticals. Given its ubiquitous distribution, it is probably important for the tissue-specific disposition, pharmacokinetics, and toxicity of xenobiotics (2) . Unlike OATP1A2, OATP1B1 and OATP1B3 are liver-specific transporters with largely overlapping substrate range that includes steroid conjugates, bile salts, and bilirubin. However, their affinities for the same substrates can significantly differ (3) . OATP1B1 and OATP1B3 have been studied extensively because they are largely responsible for the disposition of drugs (e.g. lipid-lowering agents and chemotherapeutics) and their subsequent elimination through bile. OATP1C1, unlike most OATPs, has a narrow substrate range that principally includes thyroid hormones: thyroxine (T4), triiodothyronine (T3), reverse triiodothyronine, and their sulfated conjugates. OATP1C1 is predominantly expressed at the blood brain barrier (4) . Along with monocarboxylate transporters (MCT8 and MCT10), NTCP (sodium (Na)-taurocholate-cotransporting polypeptide), and L-amino transporters (LAT1 and LAT2), it is crucial for the balance of thyroid hormones in mammals (5) .
The OATP/Oatp superfamily has been scarcely studied in non-mammalian vertebrates. Four Oatps were described in birds (chicken (Gallus gallus) and quail (Coturnix japonica) (6) ), and one Oatp1-like protein has been described in a cartilaginous fish, the little skate (Raja erinacea) (7) . However, a detailed functional analysis of non-mammalian Oatps is lacking. We have previously shown that teleost fish lack Oatp1a and Oatp1b subfamilies but express the evolutionarily distinct Oatp1d subfamily (8) . Two members within this subfamily, Oatp1d1 and Oatp1d2, show different expression patterns. Oatp1d1 is ubiquitously expressed in zebrafish, with the highest expression in the liver and brain, followed by intestine, gonads, and kidney, whereas Oatp1d2 showed negligible expression in all analyzed tissues (8) . Because teleosts do not have clear orthologs of mammalian OATP1A/Oatp1a and OATP1B/Oatp1b subfamily members, herein we hypothesize that zebrafish Oatp1d1 has role similar to that of the OATP1A/Oatp1a and OATP1B/Oatp1b subfamily members in mammals.
In order to test this hypothesis, we conducted a detailed functional characterization of Oatp1d1 in zebrafish as an important and widely used model species in biomedical and environmental research. We determined the interaction with physiologically important OATP1/Oatp1 substrates as well as pharmaceuticals known to interact with OATP1/Oatp1 family members. Furthermore, to determine evolutionarily conserved properties within the OATP1/Oatp1 family, we analyzed the pH dependence and transport mechanism of Oatp1d1 as well as structural properties of the OATP1/Oatp1 family. In terms of substrate specificity, we found that zebrafish Oatp1d1 is similar to mammalian OATP1A/Oatp1a and OATP1B/Oatp1b subfamily members, thus suggesting an important role of Oatp1d1 in the balance of steroid hormones in fish. We propose that Oatp1d1 transport is dependent on pH gradient. Analysis of evolutionarily conserved structural properties revealed that (i) the histidine residue at position 79 located in intracellular loop 3 (IL3) is conserved within the OATP1/Oatp1 family and is crucial for the transport activity; (ii) the N-glycosylation pattern is conserved within the OATP1/Oatp1 family and is important for membrane targeting, with conserved Asn residues Asn-122, Asn-133, Asn-499, and Asn-512 involved; (iii) the evolutionarily conserved cholesterol recognition interaction amino acid consensus (CRAC) motif is important for membrane localization; and (iv) Oatp1d1 forms dimers and possibly higher order homo-oligomers, where highly conserved glycophorin motifs in the TMD5 and TMD8 are involved in the interaction among monomers. Our results contribute to a better understanding of the OATP/Oatp evolution within the vertebrate phyla and offer the first insight into the function and structural properties of a novel zebrafish Oatp1 ortholog.
EXPERIMENTAL PROCEDURES

Chemicals-[
3 H]Estrone 3-sulfate (E3S; 50 Ci/mmol) was purchased from PerkinElmer Life Sciences. Unlabeled estrone 3-sulfate, Lucifer yellow (LY), and all other chemicals were purchased from Sigma-Aldrich or Carl Roth GmbH (Karlsruhe, Germany).
Phylogenetic Analysis-Gene sequences were retrieved, using the BLASTX algorithm, from the following databases: NCBI, ENSEMBL, JGI, and Genoscope. Sequences were considered to be part of the OATP/Oatp superfamily if they complied with three criteria: BLASTX hit with a threshold value of e ϭ 10 Ϫ3 , the presence of the Oatp conserved domain with a threshold value of e ϭ 10 Ϫ6 , and the presence of the superfamily signature (DXRW(I/V)GAWWXG(F/L)L) on the border of extracellular loop 3 and transmembrane domain 6 (TMD6) (9, 10) . Sequences were aligned with the MUSCLE algorithm (11) , and a phylogenetic tree was constructed using the maximum likelihood method in PhyML version 3.0.1 software (12). Confidence of nodes was estimated by the approximate likelihood ratio test (13) . Based on the phylogenetic relationships, all previously unclassified genes were provisionally annotated. Names were given in accordance with the new nomenclature adopted by the HUGO Gene Nomenclature Committee (1) .
Real-time PCR Analysis-Adult zebrafish were purchased from a local fish supplier. Tissues were collected and prepared for RNA isolation; reverse transcription and quantitative RT-PCR were conducted as described previously (8) .
Cloning and Heterologous Expression in HEK293 Cells-Fulllength zebrafish Oatp1d1 (corresponding to GenBank TM accession number NP_001082802) was amplified from the zebrafish liver using primer pairs 5Ј-TTAGCGGCCGCATGA-GTACGGAGAAGAAGAAG-3Ј (forward) and 5Ј-TTAGGTA-CCTCTAGACTTCAGATGGTGGTCTCCTG-3Ј (reverse) with high fidelity Phusion DNA polymerase (Finnzymes, Vantaa, Finland). The amplicon was cloned into pJET 2.0 vector (Invitrogen), and the sequence was verified by sequencing at VBCBiotech Services GmbH (Vienna, Austria). Slco1d1 cDNA, located between NotI and KpnI multiple cloning sites, was subcloned into expression vector pcDNA3.1 and pcDNA3.1/His (Invitrogen). HEK293 cells were transiently transfected using polyethyleneimine reagent in 24-well plates for the E3S uptake assay and in 48-well plates for the LY uptake assay (14) . Cells were transfected in parallel with pcDNA3.1/His/LacZ plasmid, and transfection efficiency was evaluated 24 h after transfection with the LacZ staining protocol. Transport experiments were conducted 24 h post-transfection, when transfection efficiency was above 70%. To test the dimer/oligomer formation hypothesis, we have subcloned Oatp1d1 into the pCS2ϩ8NmCitrine vector that fluoresces in the green region of the visible spectrum (516/529 nm). The vector was a kind gift from Dr. Amro Hamdoun (Scripps Institute).
Transport Measurements-For the purpose of the transport assay, HEK293 cells overexpressing Oatp1d1 were preincubated in the transport medium (145 mM NaCl, 3 mM KCl, 1 mM CaCl 2 , 0.5 mM MgCl 2 , 5 mM D-glucose, and 5 mM HEPES, pH 7.4) for 10 min at 37°C. To assess transport, the medium was removed, and the same medium containing the substrate was added. After incubation, the cells were rapidly washed three times with ice-cold phosphate-buffered saline (PBS), lysed in 500 l of 0.1% sodium dodecyl sulfate (SDS) for 30 min, transferred to scintillation vials, and measured by a liquid scintillation counter (Tri-carb 2800 TR, PerkinElmer Life Sciences) in the case of [ 3 H]E3S or transferred to 96-well black plates (Sigma-Aldrich) and measured using the microplate reader (Infinite 2000, Tecan, Salzburg, Austria) at 425-nm excitation and 540-nm emission wavelengths in the case of LY. Calibration curves for E3S and LY were generated in the 0.1% SDS and in the cell matrix dissolved in the 0.1% SDS. In the case of both substrates, linear calibration curves were the same in the SDS and in the dissolved cell matrix. Using the calibration curves, uptake of E3S and LY was expressed as nM substrates/mg of protein. Total cell protein content was determined according to the manufacturer's instructions using the DC protein assay kit (Bio-Rad).
In the inhibition experiments, the cells were preincubated for 20 s with test compounds, followed by a 5-min incubation with [ 3 H]E3S (5 nM) or 30-min incubation with LY (5 M). For the interactors that showed uptake inhibition above 50%, K i values were determined. For the purpose of distinguishing the type of interaction with chosen compounds, the shift in K m and V max values for LY was determined in the presence of a target compound (at a concentration equal to the K i value of a compound), at varying LY concentrations (8 points) and after 15 min of incubation, which was within the linear range of the LY transport rate. To determine the shift in K m and V max values for LY more accurately, all of the competition type experiments were performed within a single transfection experiment (repeated at least three times) in order to eliminate interexperiment differences due to the transient transfection system. The uptake into vector-transfected HEK293 cells (mock cells) was subtracted to obtain the transporter-specific uptake.
To determine if Oatp1d1 activity is pH-dependent, transport assays were performed in transport buffers of varying pH, similar to those described previously (15) . Uptake medium contained 145 mM NaCl, 3 4 Cl in the presence of 0.5 mM amiloride) or with alkalizing extracellular pH (16, 17) . Acidification of intracellular pH was verified using the BCECF method, whereas calibration was performed in vitro with BCECF-free acid (18) .
To determine if N-glycosylation is involved in post-translational processing of Oatp1d1, tunicamycin, a general N-glycosylation inhibitor, was added in varying concentrations during the 24-h post-transfection period. After 24 h, cells were briefly incubated in medium without tunicamycin, and [
3 H]E3S and LY uptake was determined as described above and compared with that of the non-treated transfected cells. HEK293 mock cells (vector-transfected cells) were assayed as well, with and without tunicamycin treatment. Membrane topology prediction and potential N-glycosylation sites were predicted using the NetNGlyc 1.0 server.
Site-directed Mutagenesis-Site-directed mutagenesis was performed with the asymmetric overlap extension method as described previously (19) .
Western Blotting and Immunocytochemistry-Cells were collected from 25-cm 2 culture flasks 24 h after transfection; lysed in radioimmune precipitation assay buffer (150 mM NaCl, 1 mM EDTA, 25 mM Tris, 0.8% Nonidet P-40) with protease inhibitor mixture 4-(2-aminoethyl)-benzenesulfonyl fluoride (SigmaAldrich) for 30 min on ice; subjected to three freeze/thaw cycles; briefly sonicated; and centrifuged at 1,000 ϫ g for 10 min at 4°C. The protein concentration in total cell lysate was measured according to the manufacturer's instructions using the DC protein assay kit (Bio-Rad). Twenty micrograms of protein/ lane was separated by electrophoresis in 1% SDS-polyacrylamide gel. The proteins were then transferred to the polyvinylidene difluoride membrane (Millipore) by semidry blotting. Blocking was performed in blocking solution, containing 5% low fat milk, 50 mM Tris, 150 mM NaCl, and 0.05% Tween 20. Subsequently, membranes were washed and incubated for 1 h with anti-Xpress (Invitrogen) or for 2 h with anti-His antibody (Santa Cruz Biotechnology, Inc.). Goat anti-mouse IgG-HRP was used as secondary antibody (Bio-Rad). The proteins were visualized by chemiluminescence (Abcam, Cambridge, UK). Protein size was estimated by the use of a protein marker (Thermo Fisher Scientific).
For immunofluorescence detection, HEK293 cells were grown on glass coverslips in 24-well culture plates. Twentyfour hours after transfection, cells were fixed with 4% paraformaldehyde in PBS for 30 min, washed three times in 100 mM glycine/PBS, permeabilized for 15 min in methanol, and blocked in 5% low fat milk for 30 min with gentle agitation. Subsequently, coverslips were transferred on microscope slides and incubated with Xpress antibody (1:100) in blocking solution for 1 h at 37°C in a humidity chamber, washed, and then incubated with secondary FITC antibody (1:100) in blocking solution for 1 h at 37°C. When double staining was performed after incubation with FITC, blocking was done in 5% low fat milk for 30 min with gentle agitation, followed by incubation with Na,K-ATPase anti-mouse primary antibody (Santa Cruz Biotechnology) for 2 h (1:150), washing, and 1-h incubation with Cy3-conjugated anti-mouse IgG-HRP as a secondary antibody (1:200) (Santa Cruz Biotechnology). Nuclei were stained with DAPI for 45 min at 37°C in 300 nM DAPI/PBS. After mounting the samples in Fluoromount medium (SigmaAldrich), immunofluorescence was detected using a Leica TCS SP2 AOBS confocal microscope (Leica Microsystems, Wetzlar, Germany).
Cell Surface Biotinylation-Surface biotinylation of Oatp1d1 at the plasma membrane was performed as described previously (20) with some modifications. Transiently transfected cells (with pcDNA3.1/His vector alone or with pcDNA3.1/ His-Oatp1d1) were washed three times with PBS, and surface proteins were biotinylated with Sulfo-NHS-LC-LC-biotin (1 mg/ml; Pierce) in PBS for 2 h at 4°C. Subsequently, cells were washed three times with ice-cold PBS containing 100 mM glycine, lysed as described above, and centrifuged at 10,000 ϫ g for 10 min at 4°C to pellet the insoluble fraction. Total cell lysates were incubated with hydrophilic streptavidin magnetic beads (New England Biolabs) overnight on ice with gentle agitation. Bound proteins were washed and eluted according to the manufacturer's instructions, analyzed using Western blotting with anti-His primary antibody (1:3000), and visualized by chemiluminescence.
Data Analysis-All assays were performed in 2-4 independent experiments run in triplicates. Data represent mean Ϯ S.E. or S.D. All calculations were performed using GraphPad Prism version 5 for Windows as described below. The kinetic parameters (K m and V max values) were calculated using the MichaelisMenten equation,
where V represents velocity (nmol of substrate/mg of proteins/ min), V max is maximal velocity, [S] is substrate concentration, and K m is the Michaelis-Menten constant. The uptake into vector-transfected HEK293 cells was subtracted to obtain transporter-specific uptake. The Hill coefficient (h) estimating the degree of cooperativity was determined from the Hill plot (X ϭ log [S], Y ϭ log(V Ϫ V max )/V max . For the purpose of K i calculations, data were fitted to the sigmoidal four-parameter doseresponse model (variable slope),
where V is response, V min represents minimum of response, V max represents maximum of response, h is Hill slope parameter, K i is the concentration of inhibitor that corresponds to 50% of maximal effect, and A is the concentration of tested compound.
RESULTS
Phylogenetic Relationships-In order to determine phylogenetic relationships of zebrafish Oatp1d1 with the mammalian OATP1/Oatp1 members of known function, we performed a phylogenetic analysis of the OATP/Oatp superfamily in chordates. Resulting phylogenetic tree and provisional annotations and accession numbers are given in supplemental Fig. 1 and Table 1 . In order to position zebrafish Oatp1d1 within the OATP/Oatp superfamily, all available chordate genomes were included in the analysis, from the ancient urochordates to mammals. A separate phylogenetic tree of the OATP1/Oatp1 family, which is a part of the complete OATP/Oatp tree given in supplemental Fig. 1 , clearly shows distinct clusters of five subfamilies: OATP1A/Oatp1a, OATP1B/Oatp1b, OATP1C/ Oatp1c, Oatp1d, and Oatp1f (Fig. 1) . The obtained OATP/ Oatp1 phylogeny represents an updated and improved analysis, considering that more genomes became available since the last phylogenetic analysis of OATPs/Oatps (1, 8, 10) .
We report the first finding of OATPs/Oatps both in a urochordate, sea squirt (Ciona intestinalis), and in a primitive jawless fish, sea lamprey (Petromyzon marinus). These Oatps clearly belong to the OATP1/Oatp1 family, within which they position outside of the vertebrate OATP1/Oatp1 clusters (supplemental Fig. 1 ). These newly identified OATPs/Oatps could represent ancestral sequences of the OATP1/Oatp1 family. Within the vertebrate cluster, OATP1A/Oatp1a and OATP1B/ Oatp1b subfamilies are found in all tetrapod representatives, including West Indian Ocean coelacanth (Latimeria chalumnae). However, they are not present in teleost fish (Fig. 1) . The OATP1C/Oatp1c subfamily is conserved throughout vertebrate phyla, including teleosts and the cartilaginous fish little skate. Herewith, we reassign the annotation of the skate Oatp gene that was previously annotated as Oatp1d1 (7, 21) . According to our revised phylogeny (with more fully sequenced genomes available), the skate Slco gene is an OATP1C1/ Oatp1c1 ortholog. The Oatp1d subfamily is a teleost-specific gene subfamily that forms a distinct cluster with a high node confidence (approximate likelihood ratio test ϭ 0.99) between the OATP1B/Oatp1b and OATP1A/1C (Oatp1a/1c) subfamilies. Apart from zebrafish, Oatp1d1 and Oatp1d2 orthologs are present in all analyzed teleost species: pufferfishes (Tetraodon nigroviridis and Takifugu rubripes), stickleback (Gastrosteus aculeatus) and Atlantic cod (Gadus morhua) (Fig. 1) .
Tissue Expression Pattern and Sex Differences in Oatp1d1 Expression-Oatp1d1 shows a ubiquitous tissue expression pattern with the highest expression in liver, brain, and testes, followed by intestine, kidney, gills, and skeletal muscle (Fig. 2 ). Sex differences in Oatp1d1 expression pattern are most pronounced in testes, where Oatp1d1 expression is 50 times higher than in ovaries. Differential mRNA expression is also present in zebrafish liver, where Oatp1d1 is 10 times higher expressed in males, followed by a smaller difference of 2.5-fold higher expression in the male kidney. In brain, gills, and intestine, Oatp1d1 is similarly expressed in both genders.
Functional Characterization of Oatp1d1-The transport of two substrates, E3S and the anionic dye LY, follows the classical Michaelis-Menten kinetics with saturable uptake of E3S after 2 min (Fig. 3A) and LY after 10 min (Fig. 3C ), respectively.
Oatp1d1 shows high affinity for E3S with K m of 1.75 Ϯ 0.12 M (Fig. 3B ) and moderate affinity for LY with K m of 41.7 Ϯ 10.1 M (Fig. 3D) . V max for E3S is 6.02 Ϯ 0.17 nmol of E3S/mg of protein/min, whereas V max for LY is 57.5 Ϯ 6.49 nmol of LY/mg of protein/min. The Hill number is close to 1 (1.2 for E3S and 0.78 -1.2 for LY (four independent experiments)), which indicates a low degree of cooperativity and possibly one binding site for E3S and LY. K i values for a set of model OATP1 substrates are similar when obtained either with the E3S or the LY inhibition assay (correlation analysis: R 2 ϭ 0.9218, p ϭ 7.44 ϫ 10 Ϫ7 , n ϭ 10), which indicates that LY and E3S share the same binding site.
In order to elucidate the physiological role of Oatp1d1, we tested a series of known OATP1/Oatp1 substrates, including steroids, corticosteroids, thyroid hormones, prostaglandin E2, bile salts, and bilirubin. In addition to endogenous compounds, we analyzed several pharmaceuticals that are known to interact with mammalian OATP1/Oatp1 members in order to gain further insight into the specificity of the Oatp1d1 substrate binding site. A summary of the described inhibition assays is presented in Fig. 4 . For the most active compounds (inhibition of LY uptake Ͼ50%), K i values were determined and shown in Table 1 pounds, where their concentrations were equal to their previously calculated K i values. A summary of these findings is presented in Table 2 , and representative dose-response curves of a typical competitive and noncompetitive inhibitor are shown in Fig. 6 . This type of analysis has been successfully used previously to determine the type of interaction for a wide range of physiological substrates and fibrates for OATP1B1 (22, 23) and the interaction of OATP1B1, OATP1B3, and OATP1C1 with non-steroidal anti-inflammatory drugs (24, 25) . If an interacting compound is a competitive inhibitor of LY, we can assume that it is being transported by Oatp1d1, in which case the K i value of the interacting compound actually represents its K m value.
The first major group of Oatp1d1-interacting compounds includes steroid and thyroid hormones. High affinity substrates of Oatp1d1 are sulfated and glucuronidated steroid conjugates, E3S (K m ϭ 1.75 M), dehydroepiandrosterone sulfate (DHEAS) (K i ϭ 0.68 M), and estradiol 17␤-glucuronide (K i ϭ 3.26 M) ( Tables 1 and 2 ). Nonconjugated steroids, estradiol (E 2 ) (K i ϭ 2.83 M), progesterone (K i ϭ 9.1 M), and dihydrotestosterone (K i ϭ 23.35 M), are potent uncompetitive inhibitors of LY uptake, whereas testosterone (K i ϭ 29.98 M) and androstenedione (K i ϭ 3.78 M) show moderate to strong inhibition of the noncompetitive type (Table 2) . Interestingly, progestagen and pregnenolone show no interaction with Oatp1d1. In comparison with progestagens and androgens, corticosteroids cortisol and corticosterone show weaker interactions with Oatp1d1, with K i values of 120 and 105 M, respectively (Table 1) . Cortisol is a substrate, whereas corticosterone is an uncompetitive inhibitor of Oatp1d1 (Table 2) . We also wanted to determine if thyroid hormones T4 and T3, as prototypical OATP1C/Oatp1c subfamily substrates (5), interact with Oatp1d1. We found that Oatp1d1 does not interact with T4, and T3 is a moderately strong uncompetitive inhibitor (K i ϭ 42.7 M) of Oatp1d1 (Table 2) . Eicosanoid prostaglandin E2, a specific OATP1B1 substrate (23) , weakly interacts with Oatp1d1 (K i ϭ 227.4 M).
The second major group of Oatp1d1-interacting compounds is bile salts. Oatp1d1 shows interaction with all four major bile salts (cholate, taurocholate, deoxycholate, and taurochenodeoxycholate) with increasing potency (K i ϭ 141, 36.9, 9.94, and 3.39 M, respectively). All four tested bile salts are inhibitors of LY transport; taurocholate shows noncompetitive inhibition, whereas the other three are uncompetitive inhibitors (Table 2) . Besides steroids, thyroids, and bile salts, known physiological substrates of the OATP1/Oatp1 family in mammals are bilirubin and its conjugates. However, bilirubin is not transported by Oatp1d1 but rather behaves as a potent uncompetitive inhibitor (K i ϭ 14.5 M) ( Table 2) . Bilirubin conjugates were not tested due to their commercial unavailability.
After testing a wide series of physiological OATP1/Oatp1 family interactors, we selected a set of known xenobiotic interactors in order to compare interaction strength and substrate specificities among zebrafish and human OATP1/Oatp1 members. Data on modulation of Oatp1d1 activity with model xeno- biotics are shown in Table 1 . The most potent interacting compounds include warfarin, cyclosporin A, bromosulfophtalein, gemfibrozil, pravastatin, and rifampicin. Moderately strong interactors are probenecid, bezafibrate, and fenofibrate, whereas methotrexate, clofibrate, benzylpenicillin, and erythromycin show weak interaction.
Dependence on pH Gradient-We suggest that Oatp1d1-mediated LY uptake is dependent on the pH gradient. The inwardly directed [H] ϩ gradient created by lowering extracellular pH (pH o ϭ 5.5) caused activation of Oatp1d1 transport. This effect was apparent with both substrates; E3S uptake at pH o 5.5 increased by 108 Ϯ 20%, and LY uptake at pH o 5.5 increased by 158 Ϯ 4% in comparison with pH o 7.4 (Fig. 7A) . To test if this effect was due to the activation of inwardly directed proton gradient, we performed the same experiment in the presence of ionophore monensin, which acts as an Na ϩ /H ϩ antiporter and stops the gradient. Indeed, the addition of 2 M monensin at pH o 5.5 resulted in the same Oatp1d1 activity as was observed at neutral extracellular pH, which suggested that the effect was gradient-specific (Fig. 7A ). Kinetic analysis of Oatp1d1 LY transport at pH o 5.5 showed a significant increase in the transport rate and no change in substrate affinity of LY (Fig. 8A) . Next, we created outwardly directed proton gradient to determine its effect on Oatp1d1 activity. In order to achieve outward [H] ϩ flux, we applied two different approaches: (i) alkalization of extracellular medium (pH o 8) and (ii) acidification of intracellular space (pH i ). Significant reduction of Oatp1d1 activity was observed in comparison with neutral conditions in both cases: at pH o 8, LY uptake was reduced by 58.8% in comparison with neutral pH o , and at pH i Ͻ pH o , the uptake was decreased by 83% when compared with pH i Ϸ pH o (Fig.  7B) . The specificity of the gradient dependence was further tested by monitoring the pH i recovery to neutral pH (2-h incubation in complete growth medium at 37°C), when the protein activity was restored to the control levels (data not shown). Furthermore, we determined uptake kinetic parameters at pH o 8 and found that the transport rate and transport affinity were significantly reduced (Fig. 8A) .
The fact that the Oatp1d1 transport rate is activated at acidic extracellular pH and decreased at both alkaline extracellular pH and acidified pH i indicates that Oatp1d1 transport is dependent upon the proton gradient. It has been suggested that transport activation at extracellular pH is due to the protonation of an active site, more specifically a conserved outwardly facing histidine residue at the extracellular side of TMD3 (26) . Although protonation of the substrate binding site would cause Interaction of Oatp1d1 with typical endo-and xenobiotic substrates and inhibitors of OATP1/Oatp1 family is expressed as a percentage of LY uptake mediated by Oatp1d1-overexpressing HEK293 cells in the presence of an interactor (100 M) relative to control (Oatp1d1-overexpressing HEK293 cells in the absence of an interactor). Physiological interactors are separated from xenobiotic interactors as shown. LY (5 M) uptake was measured after a 15-min incubation at 37°C. The inhibition constant (K i ) for each interactor that showed more than 50% inhibition was determined by fitting data to a sigmoidal four-parameter dose-response model (variable slope) in GraphPad Prism version 5. Mean, S.D., and confidence intervals are calculated from triplicate determinations. NE, no effect; ND, not determined. changes in apparent K m at pH o Ͻ7.4, which we did not observe, we proceeded to the site-directed mutagenesis of conserved histidine (His-102), to test our hypothesis that activation of Oatp1d1 transport at pH o Ͻ7.4 is due to the inwardly directed proton gradient and not to the His-102 protonation, as observed previously for certain mammalian OATP/Oatps (26) .
Compound
Considering that the Oatp1d1-H102Q mutant showed the same increase in transport rate at pH o 5.5 as was observed for Oatp1d1-WT (Fig. 8B) , we conclude that the effect of pH-dependent transport activation was not due to the protonation of His-102. Following similar reasoning, the observed strong reduction in Oatp1d1 transport at pH i Ͻ6.9 could be a consequence of outwardly directed proton flux, which affects the [HCO 3 Ϫ ] gradient. Alternatively, it could be a consequence of protonation of histidine residues at the intracellular side at pH Ͻ6.9. Therefore, we have searched for conserved histidines on the intracellular side of the protein, and found that His-79 in IL1 is conserved in all OATP1/Oatp1 members from fish to mammals. The constructed H79Q mutant had very low activity at neutral pH i , when LY uptake was reduced by 80% in comparison with Oatp1d1-WT (Fig. 9A) . The reduction of the LY transport rate in the case of H79Q mutant was neither a consequence of the reduced protein expression, as seen from the Shown is a kinetic analysis of LY transport by HEK293/Oatp1d1-overexpressing cells in the absence of an interactor (control) and in the presence of an interactor (at a concentration equal to its K i value shown in Table I ). In all cases, the LY uptake followed Michaelis-Menten type kinetics, where a K m decrease and no change in the transport rate (V m ) in the presence of interactor indicates competitive inhibition (designated S for substrates); K m decrease and V m decrease indicates non-competitive inhibition; and finally, no change in K m and a V m decrease indicates uncompetitive inhibition (inhibitors are designated with "I"). Kinetic parameters of LY uptake are given as apparent K m (K m(app) ) (M), apparent V m (V m(app) ) (nmol of LY/mg of protein/min), and 95% confidence intervals for each. Uptake was measured after a 15-min incubation at 37°C. Data are mean Ϯ S.E. from triplicate determinations. Western blot analysis, nor a consequence of impaired membrane localization, as shown by immunocytochemistry (Fig.  9A ). This suggests that His-79 is crucial for the Oatp1d1 transport activity. Although the importance of His-79 for Oatp1d1 transport activity was an unexpected discovery, we wanted to further investigate whether protonation of inwardly facing His-79 may be in part responsible for the effect of reduced transport activity at pH i Ͻ6.9. LY uptake in the Oatp1d1-H79Q mutant was reduced by 45% at pH i Ͻ6.9 in comparison with the transport activity of Oatp1d1-H79Q at neutral pH i . In contrast, Oatp1d1-WT activity was more profoundly reduced at acidified pH i in comparison with Oatp1d1-WT at neutral pH i (65% reduction (Fig. 9B) . Therefore, we conclude that protonation of His-79 negatively influences Oatp1d1 transport activity and that this effect is partly responsible for the transport decrease at pH i Ͻ7, whereas the majority of reduction effect is due to the outwardly directed proton gradient created at pH i Ͻ pH o .
Interactor
Oligomerization of Oatp1d1-Oatp1d1 is present in three forms: as a monomeric protein of ϳ80 kDa, as a dimeric form of ϳ150 kDa, and as a tetramer or higher order oligomer that appears at ϳ250 kDa in Western blots from the total cell lysate fraction (Fig. 10A) . However, when the cell membrane fraction was isolated through the cell surface biotinylation, followed by binding of membrane fraction to the streptavidin magnetic beads, Western blots with anti-His primary antibody showed only the oligomeric form (Fig. 10A ). Oligomers were not formed through disulfide bonds, because there was no breakage of the oligomeric complex in the presence of dithiothreitol (DTT) as a reducing agent (Fig. 10B) . However, monomers appear to be linked through disulfide bonds into dimers because, in the absence of reducing agent (DTT), monomers are not present, whereas after the addition of DTT, the monomers appear (Fig. 10B) . The observed oligomeric state was not an experimental artifact, because it was present in all of the tested conditions, with or without thermal pretreatment (70°C), which can induce protein aggregation. To conclude, Oatp1d1 monomers are organized into dimers through disulfide bonds, whereas dimers form oligomers independently of disulfide link. The results of the rescue experiment are consistent with the dimer formation in situ (Fig. 11) . When Oatp1d1 was fused to mCitrine on the N-terminal part of the protein, Oatp1d1-mCitrine did not localize in the membrane (Fig. 11A) , similar to the Oatp1d1-GFP (data not shown). The fluorescent tags probably interfere with the protein folding and thus its trafficking, which results in protein remaining in the nuclei and the cytosolic compartment (Fig 11A) . However, when Oatp1d1 without the mCitrine tag and Oatp1d1 with mCitrine tag are contransfected in a 3:1 ratio, we detected green fluorescence in the membrane. This is confirmed by the colocalization with the red signal from the plasma membrane immunostaining, as described under "Experimental Procedures" (Fig. 11A) . Furthermore, protein activity in the rescue experiment was the same as in the control (Oatp1d1-WTtransfected cells), whereas Oatp1d1-mCitrine was inactive as a consequence of its inability to localize into the cell membrane (Fig. 11B) . These findings suggest that Oatp1d1 interacts with the Oatp1d1-mCitrine. As a result, the protein complex is active and localizes to the plasma membrane, at least in the dimeric form. Whether dimers or oligomers are present remains to be further investigated.
The next step was to identify motifs that are responsible for the interaction among monomers. We identified three distinct glycophorin A motifs (GXXXG): at amino acid positions 54 -59 in the extracellular loop 1, at amino acid positions 208 -212 in the TMD5, and at amino acid positions 385-389 (and/or 390) in the TMD8 of Oatp1d1. The glycophorin A motif is responsible for the dimer and oligomer formation of another SLC protein, the serotonin transporter (SERT) (27) . Considering the high conservation of three GXXXG motifs within the OATP1 family of vertebrate phyla (data not shown), site-directed mutagenesis of glycine to valine residue was performed within the first motif, G54V (GXXXG); within the second motif, G208V and G212V (GXXXG); and within the third motif, G385V, G389V, and G390V (GXXXGG). We found that G208V and G212V, as well as G385V and G390V, are inactive and do not localize in the membrane (Fig. 12) . On the contrary, G54V localizes in the membrane but is inactive. Western blots from total cell lysates showed that in comparison with the Oatp1d1-WT, where monomers (ϳ80 kDa), dimers (ϳ140 kDa), and oligomers (Ͼ200 kDa) are present, all GXXXG mutants (G208V, G212V, G385V, G389V, and G390V) do not show a Ͼ200 kDa band, whereas G208V does not have the dimeric band as well (Fig. 13) .
N-Glycosylation-It has been shown that N-glycosylation plays an important role in protein folding of some mammalian OATPs/Oatps (28, 29) . In order to determine if the N-glycosylation pattern is conserved within vertebrate phyla, we treated HEK293 cells overexpressing Oatp1d1 with tunicamycin and observed pronounced reduction in the protein transport activity. The uptake of both model substrates, E3S and LY, was reduced by 60% at 0.5-1 g/ml tunicamycin (Fig. 14) . Furthermore, tunicamycin treatment (0.5 g/ml, 24 h) partly impaired Oatp1d1 membrane localization, which indicates the importance of N-glycosylation in membrane targeting of Oatp1d1. Subsequently, we aimed to identify the asparagine residues involved in glycosylation through the analysis of conservation of asparagine residues within the OATP1 subfamily in the vertebrate phyla. We found that Oatp1d1 has five predicted N-glycosylation sites at the amino acid positions Asn-122, -133, -499, -512, and -672. When we compared all OATP1 sequences from fish to mammals, we found that Asn-122 is conserved in all transporters; Asn-133, -499, and -512 are conserved in the majority of proteins, with the exception of few Oatp1c subfamily members; and Asn-672 appears only sporadically throughout the OATP1 family. Membrane topology prediction showed that all four conserved residues are located extracellularly, Asn-122 and -133 in extracellular loop 2 and Asn-499 and 512 in extracellular loop 5. After these four asparagines residues were changed to glutamine, kinetic parameters of LY transport for each mutant were determined, as well as their cellular localizations with immunostaining. N122Q and N133Q mutants showed significantly reduced transport rates (by 2-and 1.7-fold, respectively) in comparison with the Oatp1d1-WT, whereas their affinity remained unchanged (Table 3) . Both mutants were present in the cytoplasm as well as in the plasma membrane (Fig. 15 ). N499Q showed a reduced transport rate (by 1.5-fold), whereas the N512Q transport rate remained unchanged in comparison with the Oatp1d1-WT (Table 3) . N499Q localized mainly in the plasma membrane, whereas N512Q was found in the cytoplasm as well as in the plasma membrane (Fig. 15) . The triple mutant (N122Q/N133Q/ N499Q) showed reduced transport rate with unchanged affinity and was present in the cytoplasm as well as in the plasma membrane. However, when all four potential glycosylation sites were changed, membrane localization and transport activity were almost completely impaired ( Fig. 15 and Table 3) .
Cholesterol Binding Domain-Considering that membrane cholesterol is important for the proper folding and function of membrane transporters (30, 31) , we wanted to investigate whether Oatp1d1 contains any of the known cholesterol binding motifs and whether these motifs are conserved within the OATP1/Oatp1 family. We identified the presence of the CRAC domain ((L/V)X 1-5 YX 1-5 (R/K)), conserved in all OATP1/ Oatp1 family members from fish to mammals, with the exception of the OATP1C/Oatp1c subfamily. In Oatp1d1, this domain is positioned from amino acid 180 to 190 and spans part of TMD4 and IL2 according to the predicted topology. After substitution of the central tyrosine residue in the CRAC motif for alanine (Y184A), the LY transport rate was reduced by ϳ4-fold: V max ϭ 12.1 Ϯ 1.5 nmol/mg protein/min as opposed to 43.5 Ϯ 6.2 nmol nmol/mg protein/min in the case of Oatp1d1-WT (Fig. 16A) . On the contrary, the transport affinity of Oatp1d1-Y184A (K m ϭ 13.0 Ϯ 3.4 M) increased by ϳ2 fold in comparison with Oatp1d1-WT (K m ϭ 27.8 Ϯ 8 M). Western blots of total cell lysates showed the same protein levels of Oatp1d1-Y184A as of Oatp1d1-WT. However, membrane localization revealed that part of Oatp1d1-Y184A was localized in the cytosol, which could indicate that the decrease in transport rate was a consequence of partially impaired membrane localization (Fig. 16B) .
DISCUSSION
Zebrafish (Danio rerio) is a widely recognized vertebrate model for the investigation of the roles of specific genes and signaling pathways and is the only vertebrate system that permits fast screens of phenotypic changes in response to genetic alterations. However, to understand the disposition of endogenous and foreign compounds in zebrafish, it is important to identify and characterize critical determinants of the absorption, distribution, metabolism, and elimination (ADME) processes. OATP/Oatp superfamily, which is a crucial part of ADME, has not been thoroughly investigated in fish species. We aimed to fill this gap with the characterization of a novel Oatp ortholog in zebrafish as well as to offer new insights into FIGURE 11. Interaction of Oatp1d1-WT and Oatp1d1-mCitrine. A, cell localization of Oatp1d1 tagged on the N terminus with mCitrine (1d1/mCitrine) and cotransfection of Oatp1d1 without mCitrine and with mCitrine tag in a 3:1 ratio (1d1wtϩ1d1/mCitrine) obtained with immunofluorescence analysis by confocal microscopy. Plasma membranes are stained in red after binding of primary antibody Na,K-ATPase and Cy3-conjugated IgG secondary antibody (all anti-mouse). Nuclei are stained in blue with DAPI. White arrows indicate cell membrane localization of Oatp1d1. If the protein is localized to the membrane, the color turns to orange because of the overlap of green signal from the mCitrine tag and red stained plasma membranes. B, uptake of LY into the Oatp1d1-overexpressing cells in comparison with the HEK293 transiently transfected with either the empty vector pCS2-mCitrine or the Oatp1d1-mCitrine construct and after the cotransfection of Oatp1d1 without mCitrine and with mCitrine tag in a 3:1 ratio (Oatp1d1/Oatp1d1-mCitrine, 3:1). Transiently transfected HEK293 cells were incubated for 15 min with LY at 37°C. The reaction was stopped with two washing cycles in ice-cold PBS, and the cells were lysed in 0.1% SDS for 30 min. Data are expressed as -fold level of the LY uptake relative to the control (HEK293 cells transfected with the pcDNA3.1 empty vector). Each value represents the mean Ϯ S.E. (error bars) from triplicate determinations.
the functional evolution of OATP/Oatp transporters in vertebrate phyla.
Through genome searches and phylogenetic analysis of SLCO/Slco genes in vertebrates, we have previously identified a fish-specific Oatp subfamily, Oatp1d, that includes two genes: the ubiquitously expressed Oatp1d1 and negligibly expressed Oatp1d2 (8) . The schematic representation of OATP/Oatp evolution (Fig. 17) derived from phylogenetic analysis ( Fig. 1 and supplemental Fig. 1) shows the emergence of Oatp1 subfamilies from urochordates to mammals. Diversification of the OATP1/Oatp1 family occurred after the emergence of jawed fish, which followed the second round of the whole genome duplication event after the split of jawless and jawed fish, but before the split of cartilaginous and bony fish (32) . OATP1A/ Oatp1a and OATP1B/Oatp1b subfamilies that emerged at the root of tetrapods (OATP1A/Oatp1a is found in primitive tetrapod Latimeria chalumnae) long after two rounds of whole genome duplication events in vertebrate evolution probably arose independently by chromosomal duplications. OATP1C/ Oatp1c, as the only subfamily found in all vertebrate representatives from cartilaginous fish (little skate) to humans, might represent the sequence most similar to the common ancestor of the OATP1/Oatp1 family, as was suggested previously (33) . In fish, three subfamilies are present: Oatp1c, Oatp1d, and Oatp1f. Summarizing our findings, four arguments led us to the hypothesis that Oatp1d1 in teleosts is functionally similar to OATP1A/Oatp1a and OATP1B/Oatp1b members in mammals: (i) the OATP1A/Oatp1a and OATP1B/Oatp1b subfamilies are not present in fish; (ii) the Oatp1d subfamily is found in all teleost genomes analyzed; (iii) Oatp1d2 is negligibly expressed throughout zebrafish tissues; and (iv) Oatp1f is a FIGURE 12. Cell localization of Oatp1d1 after mutations of conserved glycophorin motifs: G54V, G208V, G212V, G385V, G389C, and G390V. Images were obtained with immunofluorescence analysis by confocal microscopy. Immunocytochemistry was performed with FITC, which binds to the primary Xpress antibody and stains the protein in green. Nuclei are dyed in blue with DAPI, and plasma membranes are stained in red after binding of primary antibody Na,K-ATPase and Cy3-conjugated IgG secondary antibody (all anti-mouse). White arrows indicate examples where protein is present in the cell membrane. The color turns to orange due to the overlap of green and red, or it remains light green when overexpression of protein is dominant over red stained membranes. Cytosolic forms are seen as green areas in the cytoplasm. FIGURE 13. Protein expression of Oatp1d1 after mutations of conserved glycophorin motifs: G208V, G212V, G385V, G389C, and G390V. Western blot analysis of the total cell lysate (TCL) of HEK293/Oatp1d1-overexpressing cells shows three forms of Oatp1d1: monomeric form (ϳ80 kDa), dimeric form (ϳ140 kDa), and oligomeric form (Ͼ200 kDa). G208V is present as a monomer, whereas other mutants show monomeric and dimeric forms. Western blots were performed in the presence of the reducing agent DTT with anti-His antibody and visualized with chemiluminescence.
zebrafish-specific gene (Fig. 1) , implying that the Oatp1f subfamily is irrelevant for the entire teleost class. Unfortunately, the syntenic relationship to mammalian OATP1/Oatp1 members cannot be determined, because Oatp1d1 is not yet mapped within the zebrafish chromosome 4.
Our next step was to determine the Oatp1d1 substrate and inhibitor specificity. Based on the kinetic analysis, we propose that Oatp1d1 probably has one and the same substrate binding site for E3S and LY. In that sense, it is similar to OATP1A2, whereas OATP1B1 and probably OATP1B3 have two binding sites for E3S (34 -37) . Biphasic transport kinetics was also suggested for the transport of estradiol-17␤-glucuronide and T4 by OATP1C1 (25, 36) . The affinity of Oatp1d1 for E3S is more similar to that of OATP1A2 (K m ϭ 6 -35 M) then to the skate Oatp1 member (K m ϭ 61 Ϯ 11 M) and is several times higher than the affinities of OATP1B3 and OATP1C1 for E3S (21, 29, 33, 37) .
We showed that zebrafish Oatp1d1 is a high affinity transporter of the conjugated steroid hormones E3S, estradiol-17␤-glucuronide, and DHEAS, whereas the nonconjugated steroids estradiol, progesterone, androstenedione, dihydrotestosterone, and testosterone are potent inhibitors of Oatp1d1 (Table 2) . Considering high expression of Oatp1d1 in liver, we propose that Oatp1d1 is crucial for the uptake and subsequent elimination of excess steroid hormone metabolites through bile, similar to the role of OATP1A2, OATP1B1, and OATP1B3 (3). Furthermore, its high expression in testes implies possible involvement in the uptake of DHEAS as a precursor for androgen (and estrogen) synthesis in gonads, a role that the OATP6/ Oatp6 family has in mammalian testes (38, 39) . Additionally, uptake of DHEAS by Oatp1d1 may be of critical importance in the brain, considering its action as a neurosteroid and high expression of Oatp1d1 in the brain (similar to OATP1A2). Inhibition of Oatp1d1 by nonconjugated steroids could reduce the uptake of conjugated steroid hormones in target tissues, depending on the fine hormonal balance in the plasma. In that sense, transporters, and more specifically Oatp1d1, would be involved in the negative feedback loop regulation of steroid hormone synthesis (40) . Corticosteroid metabolism is also in part regulated by transporters. Oatp1d1, similarly to OATP1A2, transports cortisol, a crucial hormone in fish that acts as both glucocorticoid and mineralocorticoid, given that fish do not possess corticosterone and aldosterone (40, 41) . In summary, our data strongly suggest that the role of OATP/Oatp transporters in steroid catabolism is conserved from fish to mammals and that Oatp1d1 fulfills that role in zebrafish.
The most pronounced difference between mammalian OATP1/Oatp1 members and zebrafish Oatp1d1 is the fact that Oatp1d1 does not transport the thyroid hormones T4 and T3 (Fig. 4 and Table 2 ). In mammals, thyroids are primarily transported by OATP1C1 and OATP1A2 in the brain, whereas OATP1B1 is crucial for their elimination through liver (5, 42) . Considering that Oatp1d1 is inhibited by T3 and no allosteric interaction for Oatp1d1 was found with the wide range of interactors, T3 possibly enters the substrate binding pocket without actually being transported. The substrate binding site of OATP1A2 in mammals possibly evolved in order to transport thyroid hormones. In fish, however, this role might be fulfilled by Oatp3a1 and Oatp3a2, which are highly expressed in zebrafish brain, especially considering that the OATP3/Oatp3 family is involved in thyroid uptake in mammalian brain (8, 43) .
Another major group of OATP1/Oatp1 substrates includes bile salts. Bile acid metabolism is conserved within the vertebrate lineage, with certain variations in bile content. Bile acid uptake from blood into the liver is largely mediated by sodium taurocholate cotransporting polypeptide, accounting for 70% of the bile acid uptake in humans. The rest is mediated by OATPs, namely OATP1A2, OATP1B1, and OATP1B3. The dominant forms of bile acids in teleosts and mammals are cholic and deoxycholic acid and their glyco-and tauroconjugates. However, in cyprinid fishes, unlike in other teleost species, the dominant bile alcohol is 5␣-cyprinol, a C 27 bile alcohol (44) . We have shown that in zebrafish, cholate, deoxycholate, and their taurine conjugates are inhibitors of Oatp1d1 (Table 2) . Considering significant structural differences between these bile salts and 5␣-cyprinol, we propose that Oatp1d1 might transport cyprinol. Unfortunately, this hypothesis could not be tested in this study due to commercial unavailability of 5␣-cyprinol. In favor of the hypothesis that Oatp1d1 is important for cyprinol excretion into bile is the fact that Oatp1d1 is the only Oatp1 present in zebrafish liver, and the OATP1/Oatp1 subfamily is crucial for bile acid homeostasis in mammals (8) .
Comparison of substrate and inhibitor preferences of Oatp1d1 with mammalian OATP1/Oatp1 transporters clearly indicates that zebrafish Oatp1d1 is more similar to OATP1A2, OATP1B1, and OATP1B3 then to OATP1C. Nevertheless, notable differences are present in terms of its substrate selectivity and affinity in comparison with OATP1A2, OATP1B1, and OATP1B3. First, Oatp1d1 does not transport bilirubin, T3, T4, bile salts, and ouabain. Second, differences also occur in the substrate affinity; Oatp1d1 shows higher affinity for DHEAS in comparison with mammalian OATP1/Oatp1 members. Additionally, the inhibition potency of model compounds warfarin, gemfibrozil, and fenofibrate is higher in zebrafish Oatp1d1. Because the skate Oatp1 member, which we annotated as Oatp1c1, was not characterized in detail (7, 21) , it can be compared only in terms of E3S, bromosulfophtalein, and ouabain transport, which generally showed similarities between skate Oatp1c1 and zebrafish Oatp1d1. In summary, Oatp1d1 appears to be crucial for the balance of steroid hormones in zebrafish and might be responsible for uptake of bile alcohol cyprinol and conjugated bilirubin in zebrafish liver.
The transport mechanism of OATPs/Oatps has not been elucidated conclusively, although the anion antiport has been suggested as a presumable driving force. The majority of OATPs/ Oatps, including OATP1A2, OATP1B1, and OATP1B3, function as [HCO 3 Ϫ ] antiporters (15, 26, 45, 46) . However, some rat transporters, namely Oatp1a1 and Oatp1a4, use glutathione for the antiport (47, 48) . Therefore, we wanted to address the transport mechanism of Oatp1d1 and gain insight into the evolutionary conservation of OATP1/Oatp1 transport in vertebrate phyla. Oatp1d1 activity was affected by pH o and pH i changes, which in turn induced changes in proton fluxes across the plasma membrane (Figs. 7 (A and B) Ϫ ] antiport, which was previously proven for several mammalian OATPs/Oatps (26, 45) . In contrast, when [H ϩ ] gradient was reversed (pH i Ͻ pH o ) through intracellular acidification or extracellular alkalization, we observed significant reduction in Oatp1d1 transport activity (Fig. 7B) . To summarize, when the proton gradient is inwardly directed, [HCO 3 Ϫ ] is outwardly directed, and Oatp1d1 activity is stimulated. The opposite effect was observed when the proton gradient was outwardly directed and Oatp1d1 activity was significantly reduced. Altogether, our results suggest that Oatp1d1 is pH gradient-dependent, which is an indication of the [HCO 3 Ϫ ] antiport, similar to the mammalian OATP/Oatps. Because the pH dependence of protein activity could be a consequence of the protonation of histidine residues, we analyzed the conservation of relevant His residues within the OATP1/Oatp1 family. Through mutagenesis studies, we showed that His-102 is not involved in the pH sensitivity of the transport (Fig. 8B) , unlike in mammalian transporters (26) . However, we showed that protonation of His-79 in the IL1 is crucial for Oatp1d1 activity (Fig. 9A ) and is in part responsible for the reduction of transport activity at acidified intracellular pH (Fig. 9B) . Considering that His-79 is highly conserved within the vertebrate OATP1/Oatp1 family, this new finding suggests that His-79 may be important for the transport activity of mammalian OATPs/Oatps as well.
N-Glycosylation is known to be involved in post-translational processing of mammalian OATPs/Oatps (49) . Considering that each individual mutation of four highly conserved potential glycosylation sites in Oatp1d1 only partly impaired membrane localization and protein activity, whereas only the quadruple mutant was completely inactive and remained in the cytosol (Table 3 and Fig. 15 ), we propose that Asn-122, -133, -499, and -512 are responsible for protein glycosylation, which in turn influences membrane targeting and thus protein activ- ity. Interestingly, when only Asn-512 was modified, the protein transport rate remained unchanged. However, the triple mutant that excluded Asn-512 (Asn-122/133/499) was active (with 50% reduced transport rate) and partly localized in the membrane. When Asn-512 was also changed (in the quadruple mutant), the protein was inactive and remained in the cytosol, which indicates that Asn-512 is also involved in the glycosylation, but in the N512Q mutant, the other three residues compensate for the inability of glycan binding to Asn-512. A similar pattern was observed for rat Oatp1a1, where residues Asn-124, -135, and -492, which correspond to the residues Asn-122, -133, and -499 in Oatp1d1, are responsible for protein glycosylation (28, 49) , whereas only Asn-133 was identified as crucial for the glycosylation of human OATP1A2. The importance of glycosylation for protein folding and membrane targeting was observed for human OATP2B1 (50) , and Oatp1d1 is the fourth OATP to be investigated in terms of N-linked glycosylation impact on protein activity and localization. Based on the high degree of conservation of residues Asn-122, Asn-133, Asn-499, and Asn-512 within the OATP1 subfamily of vertebrate phyla, we propose that N-glycosylation of OATPs/Oatps is an important factor for membrane localization with N-linked carbohydrate chains in extracellular loops 2 and 5 at residues Asn-122, -133, -499, and -512 in the case of the OATP1 family.
The dependence of OATP/Oatps on membrane cholesterol has not been investigated so far. The CRAC motif is conserved in all OATP1/Oatp1 family members from fish to mammals, with the exception of OATP1C/Oatp1c subfamily. Furthermore, this motif is known to be present in many proteins that interact with cholesterol (51) . Because our data show that mutation in the CRAC motif (Y184A) significantly impairs zebrafish Oatp1d1 membrane targeting (Fig. 12B) , we propose that this motif is important for the localization of Oatp1d1 in the plasma membrane, possibly through the interaction with membrane cholesterol. Considering that the CRAC motif is well conserved within the OATP1/Oatp1 family, we suggest its importance for the membrane localization of mammalian OATPs, possibly through the interaction with membrane cholesterol, a topic that remains to be addressed in further studies.
Oatp1d1 is present in the plasma membrane as a dimer and potentially as a higher order oligomer. Monomers are linked into dimers through disulfide bonds, and dimers organize into oligomers independent of disulfide bonds (Fig. 10,  A and B) . Dimerization through disulfide bonds has been shown for OATP2B1 (52) . Considering that cotransfection of Oatp1d1-WT and Oatp1d1-mCitrine showed plasma membrane localization (Fig. 11) , Oatp1d1-WT is present in the membrane at least in the dimeric form. Although the surface biotinylation experiment is an indication of the presence of only the oligomeric form in the plasma membrane (Fig. 10A) , due to the possibility of chemical cross-linking, it is not conclusive. However, we have a strong indication that highly conserved glycophorin A motifs (GXXXG) within TMD5 (residues 208 -212) and TMD8 (residues 385-390) are involved in the oligomer formation, considering that change in these motifs impairs protein activity due to the inability to localize in the plasma membrane and considering the absence of oligomeric form in total cell lysates after their mutation (Figs. 12 and 13 ).
This motif has been found to be responsible for the dimer and oligomer formation of another SLC transporter, SERT (27) . Overall, although more than 35% of all cellular proteins act as oligomers, investigation of oligomeric forms of membrane proteins has been scarce (53, 54) , probably due to the fact that oligomers are "lost" on Western blots due to the often harsh experimental conditions. However, the oligomeric state is preferable over monomers or dimers, due to the allosteric regulation between monomers (52). In addition, members of SLC22, a closely related transporter superfamily, human OAT1 and rat Oat1, Oct1, and Oct2 form homo-oligomers (55, 56) . In the case of rat Oct1 and Oct2, monomeric units are linked through disulfide bond(s) (56) , whereas OAT1 oligomers are formed independently of a disulfide link (55), similar to zebrafish Oatp1d1.
In summary, we have characterized a novel Oatp in zebrafish, Oatp1d1. This is the first characterization of an Slco transporter in zebrafish, which provides important insights into the functional evolution of the OATP1/Oatp1 family. Diversification of the OATP1/Oatp1 family occurred after the emergence of jawed fish; the Oatp1d subfamily emerged in teleosts and is absent in tetrapods, whereas OATP1A/Oatp1a and OATP1B/ Oatp1b subfamilies emerged at the root of tetrapods. Substrate specificity analysis and tissue expression analysis revealed similarities with mammalian OATP1A/Oatp1a and OATP1B/ Oatp1b subfamily members and differences from the mammalian OATP1C/Oatp1c subfamily. We suggest an important role of Oatp1d1 in hormonal balance in fish as well as its involvement in elimination of steroid hormone metabolites and foreign compounds through bile. Based on the results of extracellular and intracellular pH manipulations, we propose that Oatp1d1 activity is pH gradient-dependent. Analysis of evolutionary conservation and importance of structural properties revealed that (i) His-79 located in the IL3 is conserved within the OATP1/Oatp1 family and is crucial for transport activity; (ii) the N-glycosylation pattern is conserved within the OATP1/ Oatp1 family and is important for membrane localization with the four N-linked glycosylation sites involved (Asn-122, -133, -499, and -512); (iii) the evolutionarily conserved CRAC motif is important for the membrane localization of Oatp1d1; and finally (iv) our results show that Oatp1d1 is present in the plasma membrane as a dimer and possibly as a higher order oligomer, with highly conserved glycophorin motifs in TMD5 and TMD8 involved in the oligomer formation.
